Abstract. Time and space scales of processes relevant to the upper ocean ecosystem span more than 9 orders of magnitude, consequently adequate sampling of the oceanic environment is a major challenge. However, new capabilities for studying upper ocean physical and bio-optical processes have developed rapidly within the past decade with the advancement of sensor technology and data acquisition and storage capabilities. Several oceanic measurement systems have been designed recently to enable the collection of physical and bio-optical data concurrenfiy. Problems concerning variability in primary production by phytoplankton, upper ocean heating, small-scale physical mixing and advection, the dispersion of oceanic discharges, and global scale climate change related to the carbon cycle can now benefit from in situ concurrent physical and bio-optical data sets. The ocean sampling platforms utilized for deployment of these systems have included ships, the stable platform Research Pla•'orm FLIP, moorings and drifters. Examples of recent data sets obtained from these platforms are presented, and the merits of each of these sampling modes are described. In addition, the needs for complementary in situ and remotely sensed (for example, from satellites) data sets for both analytical and modeling efforts are summarized. Several research applications of the new technology are highlighted.
INTRODUCTION
The present review emphasizes new methods and techniques which can be used to treat problems relevant to the upper ocean's ecosystem, particularly involving primary production and carbon cycling, optical variability as affected by physical processes, and the utilization of these techniques for the solution of problems involving upper ocean physics, including heating rates. A glossary of terms, definitions, and acronyms is presented for those who are not familiar with the terminology commonly used by bio-optical and physical oceanographers. The present review focuses on some of the more recent results. Other pertinent reviews are available [e.g., Yentsch and Yentsch, 1984; Dickey, 1988 Dickey, , 1990 .
There is considerable interest in interdisciplinary oceanographic measurements. This interest is driven in large part by the recognition that many important oceanographic problems cannot be solved without truly interdisciplinary data sets and modeling approaches. Some of these problems concern the upper ocean's ecology, particularly primary production by phytoplankton through photosynthetic processes and secondary production by zooplankton. For example, it has been suggested by many that marine biogenic processes and their cycles may be especially important in controlling atmospheric carbon dioxide concentrations. One of the central problems being addressed by the Joint Global Ocean Flux Study (JGOFS) concerns the regional and global estimation of timevarying biogeochemical fluxes of materials including The term bio-optics has various connotations but generally refers to the study of the optical processes of the upper ocean as affected by biological processes and vice versa. For many upper ocean problems the two subdisciplines are intertwined. Biological oceanographers have long recognized the need for optical and physical information; however, the utilization of bio-optics for the study of physical problems is very recent. Some of the synergistic relationships between the physics and biology of the upper ocean will be described in the context of new observational capabilities. A simple conceptual model illustrating how models of physical, optical, and biological processes may be coupled is described in Figure 2 . Physical models utilize conservation laws for heat, momentum, and mass and appropriate boundary conditions including the fluxes of heat, light, and momentum at the air-sea interface. The products of the physical model include: currents, the mixed layer depth, temperature, and mixing time scales. These variables are needed as input for a biological model of phytoplankton concentrations as the production of phytoplankton depends on the phytoplankton's time spent in the well-lighted portion of the upper ocean, advection, etc. In addition, the availability of nutrients (for example, nitrate, silicate, and ammonium) to the phytoplankton depends on physical mixing and advection. The phytoplankton concentrations also depend on grazing by zooplankton and the photosynthetically available radiation (PAR). The bio-optical model of the optical properties is driven by the incident light flux. The light available at depth is dependent on the absorption and scattering of light, primarily by pure seawater and varying concentrations of particulate and dissolved The increased sampling resolution of bio-optical sensors has made it feasible for physical oceanographers to complement standard temperature and salinity data with bio-optical data such as PAR (for the determination of the diffuse attenuation coefficient of PAR or Kp^•), beam attenuation coefficient (a measure of water clarity), which is related to particle concentrations, and stimulated and natural chlorophyll fluorescence, which are related to concentrations of phytoplankton. These types of data can be used to address problems concerning small-scale physical mixing and advection and the dispersion of oceanic discharges. There are many other processes and interactions which are relevant as well.
Abundance, variability, and diversity of marine populations are affected by biological, chemical, optical, and physical processes and their interactions. The determination of the temporal and spatial scales of variability of these processes is vital to our understanding of marine populations. Oceanographers have commonly studied phenomena by utilizing time series and spatial data sets and have used spectral analysis techniques to ascertain variance distributions of properties in time and space.
Information on time and space scale variability can also be used to design field experiments and to identify and quantify relationships between the forcing and response of the ecosystem. Several in-depth reviews of ecologically relevant time and space scales have been written [e.g., Denman and Gargett, 1983; Haury and Pieper, 1987; Dickey, 1990] .
Oceanic organisms are generally affected by processes characterized by scales of more than 9 orders of magnitude in time and space. Representations of some of the more important physical, optical, and biological time and space scales are shown in Figure 1 . Physical processes of relevance include: molecular and turbulent diffusion, fides, storm-mixing events, Langmuir cells, inertial motions, coastally trapped waves, internal waves, diurnal and seasonal incident irradiance and heating cycles, and interannual phenomena (for example, E1 Ni[o). Phytoplankton distributions are related in time to the physical forcing through light and nutrient availability and motion, particularly on storm event, tidal, internal gravity wave, diurnal, and seasonal scales.
It is well known that small time scale processes correlate well with small spatial scale processes (Figure 1) and that vertical scales are smaller than horizontal scales.
Horizontal plankton patches have been studied extensively, most recently using satellite color imagery [e.g., Denman and Abbott, 1988] . Further, coastal regions with jets, fronts, coastally trapped waves, and eddies tend to have richer spatial structure than open ocean regions. Time scales of the zooplankton are dependent in part upon phytoplankton time scales and vice versa. Biological processes such as growth, phytoplankton photoadaptation, behavioral effects including food perception and feeding selectivity, and diel vertical migration of zooplankton populations are also relevant. In addition, the doubling times of organisms and their ambits are important aspects. The relationships between doubling time and equivalent diameters of phytoplankton and zooplankton are indicated in the glossary.
There are at least some general relationships between physical time and space scales and trophic scales as demonstrated by Steele [1978] , who noted that an empirical relation presented by Okubo [1971] between the standard deviation of dye concentration, or a characteristic mixing scale and time, •-t •'2, generally conforms with biological trophic scales. Denman and Powell [1984] asserted that specific physical processes with time and space scales comparable to those of biological processes should have dominant ecological importance because plankton are roughly passive. One of the perplexing aspects of the ecology of the upper ocean is that the system is highly complex and generally nonlinear in nature. In terms of observations we are challenged with the goal of providing continuity over scales exceeding 9 orders of magnitude. In the following development, various measurement systems and their deployment modes are described. These may be considered as elements of a grand observing system which can be used to synthesize data spanning the relevant time and space ranges. Clearly, the matching and synthesizing of information between scale ranges will be a major challenge for the future. Primary productivity. The rate of production of carbon by phytoplankton (for example, in mg C m -3 hr-•).
Bio-optical
Production is the weight of new organic material formed plus losses for a given time interval. Losses are due to respiration, death, sinking, and grazing [Harris, 1986] .
Gross primary productivity: The gross rate at which photosynthesis converts dissolved inorganic carbon and nutrients into organic matter and releases dissolved oxygen.
Net primary productivity: The rate at which organic material becomes available (after plants have used some of the organic matter for their own respiration) for food for heterotrophs (animals, bacteria, etc.) either before or after death of plants.
New production: The production of phytoplankton that is supported by the vertical flux of nitrogen into the euphotic zone and is not dependent upon the recycling (or regeneration) of nitrogen [Dugdale and Goering, 1967] . New production determines the rate at which primary productivity can be exported from the system, such as through sedimentation [Eppley and Peterson, 1979] . BOPS. The bio-optical profiling system is used to obtain vertical profiles of physical and bio-optical variables [Smith et al., 1984] .
CTD.
Conductivity/temperature/depth measuring system is used for the determination of temperature, conductivity (for salinity), and depth (using pressure) and often other auxiliary variables (CTD+). Water collecting bottles are sometimes used in conjunction with the CTD or SUPA. The self-contained photosynthesis apparatus is used to determine photosynthetic rates and employs irradiance, temperature, pH, and dissolved oxygen sensors [Kirkpatrick et al., 1990] .
UOR. The undulating oceanographic recorder is used to measure horizontal and vertical variability in physical and bio-optical variables [e.g., Aiken and Bellan, 1986] .
XBK. The expendable bathyoptical (for example, K, diffuse attenuation coefficient) probe is a hypothetical device which could provide vertical profile optical data as does the analogous XBT for temperature.
XBI. The expendable bathythermograph is used to obtain vertical profiles of temperature and is depIoyed from a moving ship. The airborne XBT (AXBT) is similar but deployed from an airplane.
MEASUREMENT SYSTEMS AND OBSERVATIONS
The collection of concurrent and colocated interdisciplinary data with common resolution and range is imperative as indicated by the time and space diagram shown in Figure 1 . This section provides an overview of recent progress toward achieving that goal. The optimization of sampling remains a dominant consideration for observational oceanographers. Thus the need to minimize aliasing and to maximize the periods of time series observations as well as to optimize spatial resolution and synopticity is implicit.
In the following development, selected recent in situ oceanographic measurement systems for concurrent observations of physical and bio-optical variables are described. These are classified according to platform: (1) ships on station, (2) ships underway, (3) drifters, and (4) moorings. A conceptual sampling plan utilizing these observational platforms is illustrated in Figure 3 . These platforms (along with airplanes and satellites) and their approximate temporal and spatial sampling domains, with relevance to the physics and bio-optics of the upper ocean, are summarized in Table 1. This table can 
Ships on Station
One of the important in situ physical oceanographic measurement systems is the CTD or conductivity (for salinity), temperature, and depth measuring system which is deployed from a ship at a specific site providing vertical 
Drifters
For several years, surface drifters and drogues have been utilized by physical oceanographers for current measurements. The motivation for such measurements is to track water parcels as they move with prevailing currents and to determine Lagrangian currents by evaluating horizontal displacements. Because currents vary with depth (vertical shear of horizontal currents) drogueS are sometimes designed to follow currents at a specific depth using a drag element (Figure 12a) . In order to achieve some of the physical objectives for Biowatt I the vertical profiling current meter (cyclesonde) used for ODEX (Figure 4 ) was reconfigured to include an additional electromagnetic vector measuring current meter, an additional temperature sensor, a conductivity sensor, a PAR sensor, and a fluorometer. The MVP was tethered to a surface buoy and operated independently of the attending ship. Data were recorded internally on magnetic tape and simultaneously transmitted via radio transmissions to the R/V Knorr for real-time data acquisition. One of the desirable aspects of the MVP is that it One of the principal attractions of drifters and drogues, which are equipped with physical and bio-optical sensors, is that broad geographical regions can be sampled. The statistical interpretation of such data are complicated by natural biases. For example, drifters may converge into limited regions because of currents related to fronts or mesoscale rings or eddies. In order for the drifter approach to be viable for general usage, satellite telemetry of data and production of sensors of moderate cost will be required.
Moored Measurements
The systems described above were primarily designed to resolve spatial scales of variability. Coarse time series interdisciplinary sampling has been done by repeated profiling using ships [e.g., Brandt et al., 1986] In particular, new optical and acoustical sensors, along with microprocessors, have enabled biological and optical oceanographers to begin to study phenomena on scales comparable to those studied by physical oceanographers. The integration of these sensors into profiling systems (CTD's), tow-yo systems, drifters, and moored systems has made it possible to investigate bio-optical and physical interactions through co-located and concurrent observations. Many of the future advances will depend on continued progress in the development of fundamental instrumentation and in situ sampling systems which utilize this instrumentation. In the following discussion, some of the more promising directions in sensor technology and systems will be explored.
The further advancement of bio-optical instrumentation will require a variety of sensors which measure a more comprehensive set of optical variables so that inherent (those independent of a natural light source) and apparent (those dependent on a natural light source) optical properties may be related. Devices which are needed to better characterize the inherent optical properties are spectral absorption and scattering meters [e.g., Carder et al., 1988] . It is also likely that special instruments can be used to measure concentrations of specific types of organisms (for example, cyanobacteria) as well [Iturriaga et al., 1990] 
Complementary Remote Observations
The two primary methods which will be available to ocean scientists for studying the upper ocean's ecosystem within the foreseeable future are in situ sampling using sensors placed in the ocean and remote sensing from satellites and aircraft. These are complementary with satellites and aircraft providing near-surface data over great expanses of the oceans and in situ systems providing subsurface and high temporal and spatial resolution information for long periods of time.
Global climatological information concerning upper ocean transparency has been obtained since the early 1900s using shipboard observations made with Secchi discs [e.g., Moored observations can be used to "ground truth" as well as complement remote sensing observations of ocean color, temperature, and other properties. For example, moored bio-optical and physical measurements can be used to (1) provide near-surface and subsurface (for example, depths greater than an optical attenuation depth) data for the development of algorithms for satellite sensing of ocean color and the inference of pigment biomass and primary productivity, (2) complement satellite data sets which are lower in sampling frequency, subject to sampling biases (for example, cloud conditions), and limited to near-surface integrated measurements (thus undersampling chlorophyll maxima regions), (3) provide data between satellite missions, and (4) facilitate the development of coupled physical and bio-optical models (also see Smith et al., [1991] ). Ultimately, the long-term monitoring and model prediction of changes in biosoptical properties and particulate carbon fluxes will benefit from the synthesis of data derived from a suite of complementary observational platforms. A schematic diagram (Figure 19) illustrates how the spectral diffuse attenuation coefficient can in principle be determined as a function of space and time using complementary mooring, shipboard, and satellite sensing. An important aspect for such an operational program is the communication of in situ and remotely sensed data via communications satellites and possibly ocean floor telephone cables (for example, for moored instrumentation).
The Roles of Theory and Models
The development of concurrent physical and bio-optical observing systems has been based not only on technological advances, but also on fundamental theoretical, modeling, and laboratory studies. Signals derived from optical instruments are often quite difficult to interpret because of the complex nature of radiative transfer and the utilization of light by phytoplankton. For example, biomass estimates using satellite-derived color imagery are presently based on total pigments, thus the partitioning of living versus nonliving and pigmented versus nonpigmented biomass must be established. The fundamental principles concerning the spectral absorption, scattering, and propagation of light can provide the basis for both laboratory and field measurements (for example, a photon budget in the ocean) [ 
Smith et al., 1989]).
One important recent development concerns the utilization of natural (or solar induced) fluorescence for estimating biomass and primary production. Morel and Prieur [1977] reported the occurrence of natural fluorescence from phytoplankton using in situ measurements of upwelling spectral reflectance, and Neville and Gower ]. Data obtained from many of the in situ systems described above can be used as input for these models. In particular, such models may be used for the estimation of primary production from bio-optical mooring and profile data sets. The utilization of data sets derived from satellites, moorings, and ships for models of a bio-optical variable such as the spectral diffuse attenuation coefficient or primary production is illustrated in Figure  19 . As higher-resolution spectral data sets are obtained, it may be possible to partition phytoplankton by species or groups. Figures 1, 2, 3, and  19 ). Interdisciplinary data assimilation models, which require subgrid scale parameterizations based on higherresolution data, will need to utilize these data sets for applications such as predicting trends in the global climate.
